Insertional mutagenesis has revealed that a 22 kbp segment from the /&A region of the Bacillus subtilis 168 chromosome (310" on the genetic map) contains at least six independent transcription units, all apparently devoted to production of cell envelope components. Genes concerned with synthesis of poly(glycero1 phosphate), poly(groP), an essential cell wall polymer in B. subtilis 168, are organized in two divergently transcribed operons denoted tagABC and tagDEF. Nucleotide sequence analysis indicates that three of these six genes encode extremely basic polypeptides. The deduced products of the tugA BCoperon may be involved in poly(groP) assembly and export, whereas those of the tagDEF operon, which are very hydrophilic, are more likely to be implicated in poly(groP) precursor biosynthesis. The first gene of the tagDEF operon encodes glycerol-3-phosphate cytidylyltransferase (Pooley et al., 1991, Journal of General Microbiology 137,921-928) and its deduced product has significant homology with cholinephosphate cytidylyltransferase from yeast. There is also substantial homology between the deduced products of tagB in the tagABC operon and fagF in the tagDEF operon.
Introduction
Synthesis of poly(glycero1 phosphate), poly(groP), the major cell wall teichoic acid of Bacillus subtilis strain 168 (Baddiley, 1970) is normally essential for growth . All known mutations affecting genes specifically involved in teichoic acid biosynthesis (tag genes) result in a thermosensitive growth phenotype (Boylan et al., 1972; Karamata et al., 1972; Pooley et al., 1987; Briehl et al., 1989) . They are clustered, together with the gtaA, gtaB and gtaD genes concerned with poly(groP) glucosylation (Young, 1967 ; Pooley et al., 1987) , at about 310" on the genetic map of B. subtilis (Piggot, 1989) . Located nearby are other genes involved in cell envelope functions including structural genes encoding autolysins (Ph. Margot & D. Karamata, unpublished results) and enzymes concerned with bioAbbreuiations : orf, open reading frame; poly(groP), poly(glycero1 phosphate).
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M57497.
synthesis of poly(g1ucose N-acetylgalactosamine 1 -phosphate). Mutants impaired in biosynthesis of this secondary anionic polymer found in cell walls of strain 168 (Shibaev et al., 1973) have been isolated on the basis of their resistance to phage 43T (Estrela et al., 1991) . A 60 kbp DNA segment encompassing all these genes has recently been cloned Young et al., 1989) .
Physiological and biochemical investigations have indicated that synthesis of poly(groP) and its incorporation into the bacterial cell wall probably requires eight or nine enzymes (Ward, 1981) . It is also apparent from these studies that expression of the genes concerned with anionic polymer biosynthesis is likely to be subject to a complex regulation. There is evidence of an interdependence between teichoic acid and peptidoglycan synthesis (Ward, 198 1) ; moreover, under conditions of phosphate exhaustion, poly(groP) synthesis ceases and that of teichuronic acid, a phosphate-free acidic cell wall polymer, is initiated (Ellwood & Tempest, 1972) .
To facilitate future characterization of this regulation, which could in turn shed light on the role of anionic polymers in cell envelope metabolism, we have embarked upon a detailed analysis of this region of the O 1991 SGM C . Mauel, M . Young and D . Karamata chromosome. Initially, it was important to determine the number and organization of the tag genes cloned. We report here the identification and analysis of transcription units in a 22 kbp region and the nucleotide sequence of a 4263 bp DNA segment encompassing the tagABC operon, an intergenic region in which divergent transcription is initiated and a gene which, together with two recently sequenced genes, tagE and tagF, previously denoted rodD and rodC, respectively (Honeyman & Stewart, 1989) , forms the tagDEF operon.
Methods
Bacterial strains, plasmids and phages. Bacterial strains are listed in Table 1 . Fragments from the chromosomal DNA inserts in phages A53 and LE51 Young et al., 1989) were subcloned in either pJHlOl (ApR TcR CmR) (Ferrari et al., 1983) or pMTL20EC (ApR EmR CmR) (Chambers et al., 1988) and maintained in E . coli strain DH5, except for the insert in plasmid 5307 , which was cloned in pMTL5OOC (ApR CmR) (Oultram et al., 1988) and maintained in B. subtilis. The bacteriophages employed for genotype identification were laboratory stocks of 425, $29, 43T and defective bacteriophages PBSY and PBSZ harboured by B. subtilis strains S31 and W23, respectively.
Media and maintenance of strains. E. coli strain DH5 was grown and maintained on LB medium. When necessary, ampicillin and tetracycline were added at 50 pg ml-' and 15 pg ml-' final concentration, respectively. Strains of B. subtilis were grown and maintained on LB medium and tryptose blood agar base (TBAB). SA medium and media used for transformation were as previously described (Karamata & Gross, 1970) . Chloramphenicol was added to media, as appropriate, at a final concentration of 3 pg ml-I.
DNA extraction and manipulation. DNA was extracted from 1 phages according to Grossberger (1987) . DNA fragments for subcloning were recovered from agarose gels using Geneclean supplied by LucernaChem (Switzerland). Mini-preparations of plasmids from E. coli and B. subti/is were obtained by the alkaline lysis method (Birnboim & Doly, 1979) with an additional LiCl precipitation step to remove RNA (Birnboim, 1983) . Restriction endonucleases, T4 DNA ligase and calf intestinal phosphatase were obtained from Biofinex (Switzerland) and used according to the supplier's instructions.
Transjormation and selection of transformants. Plasmids were introduced into E. coli DH5 by the transformation method of Chung & Miller (1988) . Competent cells of B . subtilis were prepared as described by Karamata & Gross (1970) and stored frozen . Saturating concentrations of plasmid DNA (1-10 pg DNA ml-l) were used for transformations. Chloramphenicol-resistant transformants were selected on LB plates containing 3 pg chloramphenicol ml-l and Tag+ recombinants were selected at 47 "C on TBAB plates (Briehl et al., 1989) .
Determination of phage susceptibility of chloramphenicol-resistant transformants of B. subtilis. Phage stocks ($25, 429, PBSY and PBSZ) were spotted onto fresh streaks of purified chloramphenicol-resistant transformants. Plates were incubated for 2-3 h at 37 "C and then at room temperature. 43T susceptibility was tested by spotting the phage stock on a soft agar overlay containing the strain under investigation together with appropriate divalent cations (10 mM-Ca2+, 10 mM-Mg2+, 1 mM-Mn*+). Growth inhibition and lysis, visible after 2-8 h , revealed sensitivity to the phage, whereas resistance was indicated by the absence of a zone of clearing.
DNA sequencing. Plasmid DNA was obtained from minipreparations further purified by phenol extraction. Sets of deleted derivatives, prepared from several subclones in the pUC-related vector pMTL20EC (Chambers et al., 1988) , were obtained using a doublestranded nested deletion kit from Pharmacia. DNA sequencing was performed on both strands by the dideoxy-chain-termination method (Sanger et al., 1977) with Sequenase Version 2.0 (USB Corporation) according to the supplier's instructions. 5'-[~t-~~S]Deoxyadenosine thiotriphosphate (> 1000 Ci mmol-' ; > 37 TBq mmol-I) was obtained from Amersham (UK). Primer and reverse primer were supplied by Biofinex (Switzerland). Two 17-mer oligonucleotides were kindly synthesized by Beckman Instrument International (Switzerland).
Nucleotide sequence assembly, verification and analysis was accomplished using the Sequence Analysis Software Package of the Genetic Computer Group, University of Wisconsin (Devereux et al., 1984) . The deduced products of open reading frames (orfs) were compared with sequences in the OWL database using the SWEEP and DAP database scanning and optimal alignment programs. The latter (Coulson et al., 1987) provides an estimate of the statistical significance of each alignment (Collins et al., 1988) . The alignments shown in Fig. 4 were generated using the 100 PAM similarity scoring table (Dayhoff et al., 1978) . . . DNA fragments were subcloned in plasmids pMTL20EC (Chambers et al., 1988) 
Results

Transcription units in the tag region
Initial global characterization of the transcription units in a 22 kbp region of the B. subtilis 168 chromosome, containing all known markers strictly devoted to teichoic acid biosynthesis, was obtained by insertional mutagenesis with integrational plasmids (Piggot et al., 1984; . A collection of integrational plasmids carrying different chromosomal fragments covering this region was used to transform strain L5047, a derivative of B. subtilis 168, with selection for chloramphenicol resistance. Absence of transformants was attributed to the essentiality of the disrupted transcription units; when present, transformants were tested for susceptibility to phages 425, 429, #3T, PBSY and PBSZ, whose receptors are formed, in part at least, by anionic cell wall polymers (Young, 1967; Karamata et al., 1987; Estrela et al., 1991 ;  Fig. 1) .
These experiments showed that the 22 kbp region contains at least five transcription units, denoted I to V in Fig. 1 . Previously, it had been established that integrational plasmids containing small DNA segments lying within either unit I or I1 are unable to transform B. subtilis (Honeyman & Stewart, 1988; , from which it was concluded that expression of either of these transcription units was essential for growth under the culture conditions employed. Analysis with plasmids containing larger DNA segments indicated that units I and I1 have minimum sizes of 2.6 and 4.8 kbp, respectively (Fig. 1) . All tag mutations so far identified are located within these transcription units (Boylan et al., 1972; Karamata et al., 1972; Pooley et al., 1987; Briehl et al., 1989) . Insertion of plasmid 8106, which defines unit 111, seriously impairs, but does not completely abolish growth, for an as yet unknown reason. Disruption of transcription units IV and V did not affect growth of the strains but it did influence their phage susceptibility. Recombinants arising from plasmid insertion in unit IV were characterized by limited clearing in the phage 429 spot test. Since glucosylated poly(groP) is the putative 429 receptor, this may suggest the existence of a locus involved in glucosylation of this polymer. However, previous studies on poly(groP) glucosylation have not identified mutations in this region (Young, 1967; Pooley et al., 1987) . Plasmid insertion in unit V generated 43T resistance. This is almost certainly due to disruption of the genes concerned with biosynthe- sis of poly(g1ucose N-acetylgalactosamine 1 -phosphate) (Estrela et al., 1991) . The previously identified gtaB locus (Young, 1967) , denoted (VI) in Fig. 1 , is associated with UDP-glucose pyrophosphorylase activity . Point mutations at this locus confer resistance to phages 425 and 429 and, in some instances, to defective bacteriophages PBSY and PBSZ . Since plasmid insertions in the region encompassing unit (VI) did not affect phage susceptibility, it would appear that the DNA fragment(s) containing this locus included either one or both extremities of the transcription unit.
Thus, experiments with integrational plasmids have revealed that the 22 kbp region investigated here contains at least five transcription units in addition to gtaB. With the possible exception of unit 111, they all play a role in cell envelope biosynthesis.
Nucleotide sequence o f transcription units I and I1
sequenced (Honeyman & Stewart, 1989) . They lie on a DNA segment extending from just within the insert in plasmid 8105 to the BamHI site of the insert in plasmid 5316 (Figs 1 and 2) . The nucleotide sequence of the region contiguous with this BamHI site, and extending through transcription unit I to a ClaI site in the plasmid 5105 insert, was determined on both strands. The sequencing strategy is summarized in Fig. 2 .
Inspection of the sequence (Fig. 3) , comprising 4263 bp, revealed the presence of four open reading frames (orfs). One of them, orf D, hereafter referred to as the tagD gene, is transcribed from the same DNA strand as the previously sequenced rodD and rodC genes (Honeyman & Stewart, 1989) . These latter genes have been renamed tagE and tagF, respectively (see legend of Table 1 ). The tagD gene lies about 160 bp upstream from tagE. The three remaining orfs, A, B and C , hereafter referred to as the tagA, tagB and tagC genes, are transcribed in this order from the other DNA strand and appear to constitute a single operon. A 400 bp intergenic The above analysis indicated that enzymes involved in poly(groP) synthesis are encoded by two transcription units, I and 11, covering at least 2-6 and 4.8 kbp, region, within which divergent transcription is presumably initiated, separates tagA from tagD.
respectively. To understand the biological role of this polymer, which is normally essential for cell surface extension, we first proceeded to complete the sequencing
Analysis of the open reading frames and their deduced products
of this region. Two genes, denoted rodC and rodD, belonging to transcription unit 11, have recently been
The characteristics of the tag A , B, C and D genes, and their deduced products, are summarized in t Ratio of adjacent basic residues to total basic residues (Arg, Lys).
four genes have AUG start codons and end with the UAA 'ochre' termination codon; tagC actually has two termination codons, UGA followed by UAA. There is a marked bias for A (adenine) or T (thymine) in the third position of codons in all four genes, suggesting that they are highly expressed (Shields & Sharp, 1987) . A more sensitive indicator of the expression level of a gene is the codon adaptation index (CAI) of Sharp & Li (1 986). CAI vaiues were calculated for the four genes ( Table 2) The tagA, B and C genes form the tagABC operon. The predicted products of tagA and tagB, comprising 256 and 381 amino acids, respectively, are very basic polypeptides with a high lysine content (Table 2) , in which a third or more of the basic residues form clusters of two or more amino acids. The former contains no cysteine residue and has a particularly hydrophilic domain at its COOH-terminus in which 15 of the 60 terminal residues are basic (Fig. 3) . The predicted product of tagC is slightly basic and comprises 442 amino acids. Strong ribosome-binding sites are found just upstream from tagA and tagC; AG values, calculated according to the rules of Tinoco et al. (1973) , are -23.2 and -17.4 kcal mol-1 (-97.1 and -72.8 kJ mol-l), respectively. In contrast, there is only a very weak potential ribosomebinding site with a AG value of -8 kcal mol-' (-33.5 kJ mol-l) preceding tagB. The tagA and tagB genes are separated by a 32 bp non-coding region. Inspection of the 119 bp interval between tagB and tagC revealed the presence of a very short orf, denoted orf C' in Fig. 3 , that could encode a 40 amino acid peptide commencing with two AUG codons immediately after the UAA stop codon of tagB and ending with a UGA codon having a 2 bp overlap with the AUG start codon of tagC. There is no ribosome-binding site immediately preceding this orf.
The predicted product of tagD is an extremely hydrophilic 129 amino acid polypeptide. In spite of a high lysine content and a substantial proportion of basic residues lying adjacent to one to another ( Table 2) , it has an acidic character overall (predicted PI = 6.03). A strong ribosome-binding site (AG = -15.6 kcal mol-l; -65-3 kJ mol-I) lies just upstream from the coding sequence.
Hydropathy plots (Kyte & Doolittle, 1982) of the predicted products of tagA, B, C and D (data not shown) did not reveal the presence of reiterated hydrophobic domains that are sometimes found in integral membrane proteins (Capaldi, 1982) . However, the 25 amino acid residues at the amino-terminus of the tagB product resemble a signal sequence (Michaelis & Beckwith, 1982; Watson, 1984) .
Comparison of the deduced products of the four tag genes with sequences in the OWL database using the Edinburgh DAP database search program revealed significant local homologies between the tagD product and several nucleotidyl transferases, including the cholinephosphate cytidylyltransferase of Saccharornyces cerevisiae (Tsukagoshi et al., 1987) [SD = 49-21, and also streptokinase from Streptococcus equisimilis (Malke et al., 1985) [SD = 14.21. These are illustrated in Fig. 4 , together with the substantial homology that was detected between the predicted products of tagB and tagF (Honeyman & Stewart, 1989) [SD = 2191. The value given in square brackets is the number of standard deviations difference between the score for the alignment and that expected from the distribution of fortuitous alignments (see Collins et al., 1988 
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. Fig. 4 . Alignment of the predicted amino acid sequence of the tagB product with that of the B. subtilis tagF product (upper part) and alignment of ragD product with the sequences of the Saccharomyces cerevisiae cholinephosphate cytidylyltransferase (cct) and the Streptococcus equisimilis streptokinase precursor (str) (lower part). Identical residues are indicated by (*) and conserved residues by (.) .
Potential transcription signals
The 400 bp intergenic region between the two transcription units was inspected for sequences having appreciable homology with consensus promoters recognized by the various forms of RNA polymerase found in B. subtilis. Several potential candidates were found. Among them were two possible SigA promoters (Moran et al., 1982) , one 30 bp upstream from the AUG start codon of tagA and the other about 260 bp upstream from the AUG start codon of tagD. This intergenic region also contains sequences on both strands showing homology (1 1 out of 13 positions matching) with the consensus -10 and -35 regions recognized by a minor form of R N A polymerase associated with SigC (Johnson et al.,  1983 ). There is a 4 bp overlap (nucleotides 463-466) between the -35 regions of these putative, divergent SigC promoters. Which, if any, of these sequences represents a functional promoter remains to be determined. Inspection also revealed sequences on both DNA strands -CgTTCATtcAAtTGTaAa (N o) TATtta and tTaaCATAAATCTtcaAC (N o) cATtAT, 153 and 28 1 nucleotides upstream from the AUG start codon of tagA and tagD, respectively -showing appreciable homology with the 'pho box' motif associated with E. coli genes subjected to phosphate regulation -CTG/,TCATAT/, AT/,CTGTCACIT (N,J TATAAT (Makino et al., 1986 (Makino et al., , 1988 .
Separated by one base from the two tagC termination cocions (UGA, UAA) there is a 39 bp sequence capable of forming a potential hairpin-loop structure with a AG value of -29.4 kcal mol-1 (123.0 kJ mol-l). This structure, neither particularly G + C-rich nor immediately followed by a run of T residues, could also serve as the . . 
Assignment of mutations to genes
A number of conditional lethal mutations affecting poly(groP) biosynthesis have been isolated and their approximate physical locations determined (Briehl et al., 1989; . Expression of three closely linked mutations confers, at a non-permissive temperature, one of two different phenotypes: mutants bearing tag-22 or tag22 mutations are devoid of a CDP-glycerol pool, whereas mutants bearing the tag-2 mutation accumulate this precursor . All three mutations can be corrected by transformation with plasmid 5307 , which contains tagA, B and D as well as parts of tagC and tagE (Fig. 5) . To assign the group I mutations to specific genes, appropriate recipient strains were transformed with smaller subclones. Both tag-22 and tag22 mutations were corrected by p5316, which covers parts of tagD and tagE (Fig. 5) . Assignment of these mutations to tagD was achieved by transforming appropriate strains with various deletion derivatives of p5316. While correction of tag-22 and tag-22 mutations was very efficient (> lo3 transformants per pg DNA) withp5316andderivativesp5316-1 top5316-4, it fell to only 50 per pg DNA with p5316-5. No transformants were obtained with p53 14. Therefore, the tag-22 and tag-22 mutations affect tagD; they presumably lie between nucleotides 115 and 255 (Figs 3 and 5) . The same approach was used to localize the tag-1 mutation, previously shown to be corrected by p5312 , which contains DNA sequences overlapping tagA and tagB. Since tag-Z can be corrected by deletion derivatives p53 10-1, p53 10-2 and p5310-3 but not by derivative p5310-4, it was assigned to tagB, and tentatively placed between nucleotides 1966 and 2 163 (Figs 3 and 5) .
Discussion
Analysis by insertional mutagenesis of a 22 kbp region of the B. subtilis chromosome, located at about 310" on the genetic map (Piggot, 1989) , has revealed that it contains at least six transcription units. Two are concerned with poly(groP) biosynthesis, one with poly(groP) glucosylation and one with poly(g1ucose N-acetylgalactosamine 1 -phosphate) synthesis. Another, insertions in which cause decreased susceptibility to phage 429, is probably involved in the biosynthesis of a surface component required for phage infection. The function of the sixth transcription unit, identified by plasmid insertions that seriously impair bacterial growth and viability, is not known. These findings suggest that the entire 22 kbp region is probably devoted to production of cell envelope components. On either side of this region lie genes encoding autolysins (R. Studer, Ph. Margot & D.
Karamata, unpublished results). Additional cell surface determinants located on the hisA-proximal side of gtaB are concerned with motility and competence. The degU locus, which encodes a sensor/regulator couple, the sensor being located in the cell envelope (Kunst et al., 1988; Henner et al., 1988) , also lies in this region. Thus, all mutations that have so far been mapped in a substantially larger DNA segment (> 60 kbp), of which the 22 kbp region is a part , affect cell surface components. The tag genes lie to one side of the 22 kbp region and insertional mutagenesis has shown that they are organized in two distinct transcription units. The nucleotide sequence data are entirely in accord with this conclusion (Fig. 3) and provide evidence for the existence of six (or possibly seven) genes organized in two divergently transcribed operons denoted tagABC and tagDEF. Analysis by transformation has shown that mutations conferring a Tag-phenotype are all located within these two operons. Since some eight or nine steps are apparently involved in the biosynthesis and incorporation of poly(groP) into the bacterial cell wall (Ward, 198 l) , additional tag genes may well await discovery elsewhere. However, an alternative possibility, which cannot be ruled out at this stage, is that some of the genes identified here may encode multifunctional enzymes.
According to the nucleotide sequence, the tagABC operon comprises three (or possibly four) genes. The extremities of the operon, as indicated by the nucleotide sequence, are entirely consistent with the results of insertional mutagenesis (Fig. 1) .
Analysis of the sequence data, in conjunction with previously published results, reveals several features of interest concerning the tagB product. Growth of strains bearing the tagBI mutation is thermosensitive. At a nonpermissive temperature, bacteria become irregularly rounded and display abnormal cell wall thickening (Boylan et al., 1972; Karamata et al., 1972) . Recent evidence has revealed an absence of phosphate incorporation into their cell walls as well as an accumulation of CDP-glycerol, a poly(groP) precursor (Pooley et af., 199 1) .
Since poly(groP) is a cell wall component, it might be anticipated that the enzymes concerned with its biosynthesis would be membrane-associated. Indeed, biochemical evidence indicates a membrane location for at least two of them, poly(groP) polymerase and poly(groP) translocase (Ward, 198 1) . The predicted product of tagB has a 25 amino acid amino-terminal domain that might function as a membrane anchor (Watson, 1984; Singer et al., 1987) . This domain also contains the sequence L-A-N-C-Y-L, which is similar to the consensus of the cleavage site for precursors of lipoproteins (Gilson et al., 1988) , suggesting perhaps that the tagB product may be anchored to the cell membrane via an amino-terminal glyceride-cysteine linkage. None of the predicted products of the tagABC operon have reiterated hydrophobic alpha-helical domains of sufficient length to serve as membrane-spanning segments. However, this observation does not rule out the possibility of a membrane location for these gene products. Like porins (Rosenbusch, 1990 ) and the type IV transmembrane integral proteins (Singer et al., 1987) , the membrane-associated poly(groP) biosynthetic machinery might adopt a conformation whereby the external surface in contact with the apolar tails of membrane phospholipids is hydrophobic, whereas the environment in which the highly negatively charged poly(groP) precursors are bound, sequentially assembled and presumably extruded, may be hydrophilic. The predicted products of tagA and tagB are extremely basic polypeptides ( Table 2 ). The substantial net positive charge that they would bear at physiological pH could play a significant role in electrostatic interactions with the negatively charged surface(s) of the bacterial cell membrane or, perhaps, with teichoic acids themselves, as previously suggested by Honeyman & Stewart (1989) for the tagF product.
The tagB and tagF products are likely to be functionally related because the phenotypes associated with the tagBl and tagF3 mutations are indistinguishable (Boylan et al., 1972; Karamata et al., 1972; Pooley et al., 1987) . It is of interest, in this context, that a striking similarity was found between the predicted products of tagB and tagF (Fig. 4) , although the biological significance of this similarity is not yet understood. The tagB gene has a CAI value of 0.43 (Table 2 ) and a weak ribosome-binding site, suggesting perhaps that it may be relatively weakly expressed (Sharp et al., 1990) .
Very little can be deduced concerning the precise functions of the predicted products of tagA and tagC. They show no statistically significant homologies with other sequenced proteins and the phenotypes associated with mutations in these genes remain to be determined. Whether or not the predicted product of orfC' has any biological significance remains to be elucidated.
The tagDEF operon comprises three genes, two of which, tagE and tagF, had formerly been sequenced by Honeyman & Stewart (1989) . Within the intergenic region preceding tagE (160 bp), these authors identified a putative SigA promoter, preceded by an inverted repeat sequence to which a regulatory element might bind, just upstream from the coding sequence of tagE. The integrational plasmid, 53 16, which contains this putative SigA promoter, together with substantial parts of the coding sequences of tagD (upstream) and tagE (downstream), could not be established by homologous recombination in the bacterial chromosome (Fig. 1) . This finding is inconsistent with the proposal (Honeyman & Stewart, 1989 ) that transcription of tagEand tagF initiated at the SigA promoter suffices to support growth, at least under the conditions employed here. It suggests instead that tagD, tagE and tagF form an operon. Analysis of RNA will enable the start point(s) of transcription to be determined precisely.
Two mutations, tag-I I and tag-12, have been localized to tagD. Their associated phenotypes are thermosensitivity of growth (Briehl et al., 1989) and an absence of CDP-glycerol, a poly(groP) precursor, at the nonpermissive temperature . The extremely hydrophilic nature of the predicted product of tugD and the local homology that it shares with cholinephosphate cytidylyltransferase of Saccharomyces cerevisiae (Fig. 4) , are consistent with the conclusion that tagD encodes the cytoplasmic enzyme, glycerol-3-phosphate cytidylyltransferase . This enzyme produces the principal precursor required for biosynthesis of poly(groP), the major teichoic acid found in the bacterial cell wall. The CAI value of 0.54 obtained for the predicted product of tagD is not inconsistent with a high level of expression (Sharp & Li, 1986; Shields & Sharp, 1987; Sharp et al., 1990) , as would be expected for the gene encoding this enzyme.
The predicted products of all three genes in the tagDEF operon are extremely hydrophilic (Honeyman & Stewart, 1989;  Table 2 ), suggesting that they are cytosolic (soluble) proteins. The earlier conclusion that mutation gtaA12, located in tagE, affects the membraneassociated enzyme UDP-glucose poly(groP) glucosyltransferase (Young, 1967) would merit re-evaluation. In the light of the nucleotide sequence information, and the evidence that tagD encodes glycerol-3-phosphate cytidylyltransferase, it seems possible that the tagDEF operon is dedicated to production of soluble enzymes concerned with biosynthesis of poly(groP) precursors.
The tagABC and tagDEF operons are separated by an intergenic region, within which divergent transcription is presumably initiated. Several motifs that might play a role in transcriptional regulation, including sequences resembling SigA and SigC promoters, are present on both DNA strands, as are sequences resembling (12/18 positions matching) the 'pho box' motif characteristic of E. coli genes subjected to phosphate regulation (Makino et al., 1986) . A sequence resembling the 'pho box' motif (1 1/18 positions matching) has also been found upstream from the phoP gene in B. subtilis (Seki et al., 1987) . In E. coli the 'pho box' motif is the sequence to which the PhoB protein binds to promote transcription (Makino et al., 1988) . It would not be surprising were the tag operons under phosphate regulation, since it has long been known that during phosphate limitation the main cell wall teichoic acid is replaced by an alternative phosphate-free anionic polymer, teichuronic acid (Ellwood & Tempest, 1972) . However, some form of negative control would be expected, to reduce transcription of the tagABC and tagDEF operons during phosphate limitation. Experiments are in progress to determine the roles, if any, of the various possible transcriptional elements identified by sequence inspection in the 400 bp intergenic region between the tagABC and tagDEF operons.
The organization of functionally related genes in two transcription units that are controlled by divergent promoters is a common feature of gene organization in prokaryotes (Beck & Warren, 1988) . A previously reported example in B . subtilis is that of the gltA and gltC loci involved in glutamate biosynthesis (Bohannon & Sonenshein, 1989) . This form of gene organization provides several advantages, among which are the potential for tight co-ordinate control and for translocation of these related functions as a self-contained module to new genetic locations without loss of autonomy (Beck & Warren, 1988) . The latter notion finds here convincing support. In 168/W23 interstrain hybrids of B. subtilis there is integral replacement of the 168 tag genes, concerned with poly(groP) biosynthesis, by the functionally equivalent, but non-homologous, W23 tar genes, concerned with poly(ribito1 phosphate) biosynthesis. In genetic crosses, the tag and tar genes behave as a mutually exclusive pseudo-allelic pair of cassettes or modules Young et al., 1989) .
Finally, the availability of the cloned genes will facilitate the study of both the enzymology and the regulation of anionic polymer biosynthesis, providing possible new insights into factors controlling cell surface extension.
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